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SLSH FRQWDLQLQJ GHIHFWV QHHG WR EH LPSOHPHQWHG 7KHUH KDYH EHHQPDQ\ DVVHVVPHQW VWDQGDUGV WR DVVHVV WKH VDIH
FRQGLWLRQRILQVHUYLFHHTXLSPHQWVXFKDVVXFKDVWKH$3,$60())6>@WKH),71(7))6>@WKH5>@
WKH%6>@WKH6,17$3>@
,Q RUGHU WR FDUU\ RXW IDLOXUH DVVHVVPHQW WKH DERYH VWDQGDUGV UHTXLUH SDUDPHWHUV DERXW GHIHFW JHRPHWU\ ZDOO
WKLFNQHVV DQG GLDPHWHU RI SLSH PHFKDQLFDO SURSHUWLHV RI SLSH PDWHULDOV DQG DFWXDO RSHUDWLQJ SUHVVXUH DQG
WHPSHUDWXUH 7KHVH GDWD DUH JHQHUDOO\ GHULYHG IURP GHVLJQ GRFXPHQWV RSHUDWLQJ LQVSHFWLRQ DQG PDLQWHQDQFH
UHFRUGV 8QIRUWXQDWHO\ VRPH SDUDPHWHUV DUH DOZD\V LQIOLFWHG ZLWK XQFHUWDLQW\ LH LQFRPSOHWHQHVV DQG
LPSUHFLVHQHVV EHFDXVH RI WKH UDQGRPQDWXUH RI WKHYDULDEOHV WKH HUURUV RI LQVSHFWLRQ DQG WKH FRPSOH[LW\ RI WKH
RSHUDWLQJFRQGLWLRQV*HQHUDOO\WKHGDWDVKRZWZRW\SHVRIXQFHUWDLQW\UDQGRPQHVVDQGIX]]LQHVV7KHUHDUHPDQ\
GLIIHUHQW DSSURDFKHV WR XQFHUWDLQW\ DQDO\VLV FODVVLFDO VWDWLVWLF SUREDELOLVWLF DQG VHQVLWLYLW\ DQDO\VLV >@
+RZHYHU WKHVH DSSURDFKHV FDQQRW HIIHFWLYHO\ VROYH IX]]\ XQFHUWDLQW\ ZKLFK ZLOO LQGXFH WKH XQUHDVRQDEOH
DVVHVVPHQWUHVXOWV
'XULQJ WKH ODVW IHZ \HDUV UHVHDUFKHUV KDYH LQWURGXFHG IX]]\ VHW WKHRU\ RU RWKHU UHOHYDQW WKHRULHV LQWR IDLOXUH
DVVHVVPHQW=KRX>@SURSRVHGDPHWKRGWRFRPSXWHWKHIX]]\IDLOXUHSUREDELOLW\RISUHVVXUHSLSLQJEDVHGRQIX]]\
VHWV$QRRSHWDO>@DVVHVVHGWKHVDIHFRQGLWLRQRIDXVWHQLWLFVWHHOQXFOHDUSRZHUSODQWSLSHOLQHDJDLQVW6&&LQWKH
SUHVHQFH RI IX]]\ DQG UDQGRP XQFHUWDLQWLHV E\ XVLQJ D QHZ DSSURDFK FRPELQLQJ WKH YHUWH[PHWKRGZLWK0RQWH
&DUORVLPXODWLRQ6LQJKDQG0DUNHVHW>@H[DPLQHGWZRGLIIHUHQWZD\VRIFRPELQLQJSUREDELOLVWLFDQGSRVVLELOLVWLF
DSSURDFKHVIRUHYDOXDWLQJWKHLQWHJULW\RIFRUURGHGSLSHV
,QWKLVVWXG\DIX]]\SUREDELOLVWLFIDLOXUHDVVHVVPHQWPHWKRGEDVHGRQ$3,$60())6LVSUHVHQWHGWR
SUHGLFWWKHIDLOXUHSUREDELOLW\RISLSHVZLWKFUDFNE\XVLQJWKH0RQWH&DUORVLPXODWLRQ7KLVPHWKRGFRPELQHVWKH
SUREDELOLW\WKHRU\ZLWKSRVVLELOLW\WKHRU\WRGHDOZLWKIX]]\DQGUDQGRPYDULDEOHV7KHHIIHFWVRIYDULDEOHVDQGWKHLU
XQFHUWDLQWLHVRQIDLOXUHSUREDELOLW\ZHUHDQDO\]HGWRLGHQWLI\WKHPRVWLPSRUWDQWSDUDPHWHUVDIIHFWLQJWKHVDIHW\RI
FUDFNHGSLSH
+RZWRGHDOZLWKK\EULGXQFHUWDLQWLHV"
2.1. Random uncertainty and fuzzy uncertainty 
,QSUDFWLFHWZRW\SHVRIXQFHUWDLQW\UDQGRPQHVVDQGIX]]LQHVVERWKH[LVWLQPDQ\FDVHV6RPHSDUDPHWHUVKDYH
WKHQDWXUHRIUDQGRPQHVVDQGRWKHUVIX]]LQHVV,WLVWUDGLWLRQDOWRGHDOZLWKUDQGRPXQFHUWDLQW\WKURXJKWKHXVHRI
SUREDELOLW\WKHRU\HVSHFLDOO\0RQWH&DUORVLPXODWLRQ6LPLODUO\IX]]\XQFHUWDLQW\LVKDQGOHGE\PHDQVRIIX]]\VHW
WKHRU\ ,IZH FRXOG SURSRVHG D QHZPHWKRG FRPELQLQJ WKH SUREDELOLVWLF DQG SRVVLELOLVWLF DSSURDFKHVZRXOG EH
EHWWHUWKDQHLWKHURIWKHWZRDERYHPHQWLRQHGDSSURDFKHV7KLVZRUNDWWHPSWVWRGHYHORSVXFKDPHWKRGDFFRUGLQJ
WRWKHUHODWLRQVKLSEHWZHHQSUREDELOLW\WKHRU\DQGSRVVLELOLW\WKHRU\
2.2. Brief introduction of possibility theory 
3RVVLELOLW\ WKHRU\RULJLQDOO\SURSRVHGE\=DGHKLQ>@DQGWKHQIXUWKHUGHYHORSHGE\'XERLVDQG3UDGH
>@LVFRQVLGHUHGDVWKHH[WHQVLRQDQGVXSSOHPHQWRIIX]]\VHWWKHRU\DQGLWFDQHIIHFWLYHO\GHDOZLWKXQFHUWDLQ
DQGLPSUHFLVHLQIRUPDWLRQ
3UREDELOLW\WKHRU\XVHVDVLQJOHSUREDELOLW\PHDVXUHLHSUREDELOLW\YDOXHPAWRGHVFULEHDQHYHQW$ZKLOH
SRVVLELOLW\WKHRU\XVHVWZRPHDVXUHVSRVVLELOLW\PHDVXUHȆDQGQHFHVVLW\PHDVXUHNZKLFKDUHGHILQHG
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ZKHUH  S Z GHQRWHVSRVVLELOLW\GLVWULEXWLRQIXQFWLRQLWFDQEHHIIHFWLYHO\UHSUHVHQWHGE\PHDQVRIDIX]]\QZKRVH
PHPEHUVKLSIXQFWLRQLV    QP Z S Z >@
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2.3. The relationship between possibility variable and probability variable 
$OWKRXJKSUREDELOLW\WKHRU\DQGSRVVLELOLW\WKHRU\GLIIHULQIRUPDWWKHUHLVFHUWDLQUHODWLRQEHWZHHQWKHP=DGHK
>@SRLQWHGRXWWKDWWKHSUREDELOLW\PHDVXUHRIDQHYHQWLVOHVVWKDQRUHTXDOWRLWVSRVVLELOLW\PHDVXUHDQGJUHDWHU
WKDQRUHTXDOWRLWVQHFHVVLW\PHDVXUH7KXVDQHTXLYDOHQFHFODVV3RISUREDELOLW\PHDVXUHVP FRPSDWLEOHZLWKWKH
DYDLODEOHGDWDFDQEHGHILQHG
3 ^ _       `P A N A P A Ȇ A  d d   
$FFRUGLQJ WR WKH DERYH IRUPXOD D SURFHGXUH KDV EHHQ SURSRVHG E\ 6DYRLD >@ WR FRQQHFW EHWZHHQ IX]]\
YDULDEOHDQGUDQGRPYDULDEOH&RQVLGHUDIX]]\VHWQZLWKPHPEHUVKLSIXQFWLRQ  Q xP $VVXPLQJ   @A x f LQ
(TWKHIROORZLQJFXPXODWLYHGLVWULEXWLRQIXQFWLRQV&)'VDUHGHILQHG
    @  flF x N x N A f    
    @  fuF x Ȇ x Ȇ A f    
ZKHUH  flF x DQG  fuF x GHQRWHV WKH ORZHUDQGXSSHUERXQGVIRUDOOSUREDELOLW\PHDVXUHVPEHORQJLQJ WRFODVV3
FRPSDWLEOHZLWKDYDLODEOHGDWD7KDWLV
     fl fuF x F x F xd d ZKHUH     @F x P x f  
8VLQJ (TV  DQG  WKH ORZHU DQG XSSHU ERXQGV  flF x DQG  fuF x PD\ EH UHZULWWHQ LQ WHUPV RI WKH
PHPEHUVKLSIXQFWLRQRIWKHIX]]\VHWQ DV
  VXS^   _ `fu QF x xP Z Z d   
  LQI ^   _ `fl QF x xP Z Z  !   
$FFRUGLQJWR(TVDQGWKHUHODWLRQVKLSDPRQJVW  flF x   fuF x DQG  QP Z LVFOHDUO\VKRZQLQ)LJ
%DVHGRQWKHDERYHDQDO\VLVZHFDQFRQYHUWRQHIX]]\YDULDEOHWRWZRUDQGRPYDULDEOHVZKLFKREH\  flF x DQG
 fuF x  UHVSHFWLYHO\ 7KDW PHDQV ZH FDQ XVH SUREDELOLW\ WKHRU\ WR FDOFXODWH IDLOXUH SRVVLELOLW\ RI FUDFNHG SLSH
FRQVLGHULQJUDQGRPDQGIX]]\XQFHUWDLQWLHV


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3URSRVHGSURFHGXUHRIIDLOXUHDVVHVVPHQWRIFUDFNHGSLSH
,QWKLVVHFWLRQDIX]]\SUREDELOLVWLFIDLOXUHDVVHVVPHQWPHWKRGIRUFUDFNHGSLSHZDVSURSRVHGEDVHGRQ)DLOXUH
$VVHVVPHQW'LDJUDP)$'IURP$3,$60())6SURFHGXUH7KLVPHWKRGFRPELQHVWKHSUREDELOLW\WKHRU\
ZLWKSRVVLELOLW\WKHRU\WRGHDOZLWKIX]]\DQGUDQGRPXQFHUWDLQWLHV7KHVSHFLILFSURFHGXUHLVDVIROORZV
$OLPLWVWDWHIXQFWLRQJ;RIDSUHVVXUHSLSHZLWKFUDFNVLVGHILQHGDV
   r rg X f L K    
     PD[
PD[
    H[S   
 
 
r r r r
r
r r
L L L L
f L
L L
   d
 
!
­ ª º° ¬ ¼
®
°¯
 
ZKHUH fLr LV WKH IDLOXUH DVVHVVPHQW FXUYH VHH)LJ  ,I WKH DVVHVVPHQW SRLQW OLHV EHORZ WKH FXUYH WKDWPHDQV
gX! WKH SLSH LV VDIH ,I WKH DVVHVVPHQW SRLQW OLHV RQ RU DERYH WKH FXUYH JX IDLOXUH RFFXUV 7KH IDLOXUH
SUREDELOLW\RIWKHSLSHFDQEHH[SUHVVHGDV


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 fP P g X d   
$FFRUGLQJ WR WKH DVVHVVPHQW SURFHGXUH RI FUDFNOLNH IODZV LQ WKH $3, $60( ))6 VWDQGDUG DQG WKH
UHOLDELOLW\WKHRU\WKHIDLOXUHSUREDELOLW\FDQEHZULWWHQDV
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  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ZKHUHPLrKrGHQRWHVWKHMRLQWSUREDELOLW\GHQVLW\IXQFWLRQRILrDQGKr%HFDXVHPLrKrLVWRRFRPSOLFDWHGWR
UHSUHVHQWH[SOLFLWO\(TLVKDUGO\FDOFXODWHGE\DQDO\WLFDOPHWKRGV7KHUHIRUH WKH0RQWH&DUORVLPXODWLRQLV
XVHGWRFRPSXWHWKHIDLOXUHSUREDELOLW\$ODUJHQXPEHURIUDQGRPYDULDEOHVDUHJHQHUDWHGEDVHGRQWKHGLVWULEXWLRQV
WKH\ REH\ 7KHQ WKH UDQGRP YDULDEOHV DUH LQSXW LQWR WKH OLPLW VWDWH IXQFWLRQ $FFRUGLQJ WR WKH WKHRU\ RI ODUJH
QXPEHUV>@WKHIDLOXUHSUREDELOLW\FDQEHFDOFXODWHGE\WKHIROORZLQJUHODWLRQ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ZKHUHN DQG n GHQRWH WKH WRWDO QXPEHU RI0RQWH&DUOR VLPXODWLRQ F\FOHV DQG WKH QXPEHU RI F\FOHV IRUgX
UHVSHFWLYHO\
7KHIORZFKDUWIRUFDOFXODWLQJWKHIDLOXUHSUREDELOLW\RISLSHFRQWDLQLQJFUDFNLVVKRZQLQ)LJ,WLVQRWHZRUWK\
WKDW LI WKHUH DUH RQH IX]]\YDULDEOH ILUVWO\ FRQYHUW LW WR WZR UDQGRPYDULDEOHVZKLFKREH\  flF x DQG  fuF x E\
XVLQJ (TV  DQG  DQG WKHQ FDOFXODWH WZR IDLOXUH SUREDELOLWLHV FRUUHVSRQGLQJ WR WKH WZR UDQGRP YDULDEOHV
UHVSHFWLYHO\6LPLODUO\LIWKHUHDUHmIX]]\YDULDEOHVmIDLOXUHSUREDELOLWLHVFDQEHREWDLQHG:HGHILQH PLQfP DQG
PD[fP DVWKHORZHUERXQGDQGXSSHUERXQGSUREDELOLW\UHVSHFWLYHO\7KDWLVZHILQDOO\REWDLQDIDLOXUHSUREDELOLW\
LQWHUYDO PLQ PD[>  @f fP P 
([DPSOH
4.1. Case description 
7KHDERYHPHWKRGZDVDSSOLHGWRDSLSHZLWKDVHPLHOOLSWLFDOVXUIDFHFUDFNVHH)LJWRFDOFXODWHWKHIDLOXUH
SUREDELOLW\RIWKHSLSH([FHSWRSHUDWLQJSUHVVXUHPWKHUHVWRISDUDPHWHUVLHWKHVL]HVRIWKHFUDFNLQQHUUDGLXVRi
ZDOOWKLFNQHVVtIUDFWXUHWRXJKQHVVKICDQG\LHOGVWUHVVısDUHDOOWUHDWHGDVUDQGRPYDULDEOHV7KHVSHFLILFYDOXHVRI
WKH SDUDPHWHUV DQG WKHLU SUREDELOLVWLF GLVWULEXWLRQV DUH JLYHQ LQ7DEOH 7KH RSHUDWLQJSUHVVXUHP RI WKH SLSH LV
FRQVLGHUHG DV D IX]]\ YDULDEOH UHSUHVHQWHG WULDQJXODU PHPEHUVKLS IXQFWLRQ 6LQFH WKH DXWKRUV FRXOG QRW REWDLQ
LQIRUPDWLRQ RQ WKH YDULDWLRQ RIP VXSSRUW IRU WKH IX]]\ VHW RI RSHUDWLQJ SUHVVXUH P LV GHWHUPLQHG DVVXPLQJ D
YDULDWLRQ RI  RI WKH GHVLJQ YDOXH 03D 7KH VSHFLILFPHPEHUVKLS IXQFWLRQ RI WKH RSHUDWLQJ SUHVVXUH LV
VKRZQLQ)LJ

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
)LJ7KHIORZFKDUWWRFDOFXODWHWKHIDLOXUHSUREDELOLW\
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4.2. Calculation of failure probability 
7KHGHWDLOVDQGUHVXOWVRIFDOFXODWLRQRIIDLOXUHSUREDELOLW\DUHJLYHQ LQ$SSHQGL[$7KHUHVXOWVVKRZWKDW WKH
LQWHUYDOUDQJHRI WKHIDLOXUHSUREDELOLW\RI WKHSLSH LV IURPWR7KHPD[LPXPIDLOXUHSUREDELOLW\ LV
ZKLFKLVUHFRPPHQGHGIRUGHFLVLRQPDNLQJSXUSRVH


)LJ$VHPLHOOLSWLFDOVXUIDFHFUDFNLQDVWUDLJKWSLSH
7DEOH5DQGRPSDUDPHWHUVDQGWKHLUUDQGRPGLVWULEXWLRQVXVHGLQWKHDVVHVVPHQW
3DUDPHWHUV 'LVWULEXWLRQ 0HDQYDOXH 6WDQGDUGGHYLDWLRQ
,QQHUUDGLXRiPP 1RUPDO  
:DOOWKLFNQHVVtPP 1RUPDO  
&UDFNGHSWKaPP 1RUPDO  
&UDFNOHQJWKcPP 1RUPDO  
)UDFWXUHWRXJKQHVV.,&03DāP /RJQRUPDO  
<LHOGVWUHVVıs03D /RJQRUPDO  
5HVXOWVDQGGLVFXVVLRQ
5.1. Influence of uncertainty of fuzzy variables 
7KH FRHIILFLHQW RI YDULDWLRQ RI D IX]]\ YDULDEOH fcov LV GHILQHG WR EH D PHDVXUH RI WKH GHJUHH RI IX]]\
XQFHUWDLQW\
 
P
fcov P
P
'
   
ZKHUH P' GHQRWHVWKHPD[LPXPGHYLDWLRQEHWZHHQWKHGHVLJQSUHVVXUHDQGDFWXDORSHUDWLQJSUHVVXUH
%\FKDQJLQJWKHYDOXHRI P' WKHIDLOXUHSUREDELOLWLHVRIWKHSLSHDWGLIIHUHQWfcovPZHUHFDOFXODWHGZKHUHPLV
FRQVWDQW7KHUHVXOWVDUHVKRZQLQ)LJ,WFDQEHVHHQWKDWWKHIDLOXUHSUREDELOLW\DVZHOODVWKHUDQJHRIWKHIX]]\
IDLOXUH SUREDELOLW\ LQWHUYDO LQFUHDVHV ZLWK LQFUHDVLQJ fcovP7KH UHDVRQ LV WKDW ZLWK LQFUHDVLQJ P'  WKH IX]]\
XQFHUWDLQW\RIWKHYDULDEOHLQFUHDVHVZKLFKFDQLQFUHDVHSRVVLELOLW\WRDOORZJXWRIDOOZLWKLQWKHXQVDIH]RQH,Q
DGGLWLRQ LW FDQ EH QRWLFHG WKDW WKH IX]]\ IDLOXUH SUREDELOLW\ LV OHVV WKDQ WKH SUREDELOLW\ FDOFXODWHG EDVHG RQ WKH
PD[LPXPSUHVVXUHP P' ZKLFKVKRZVWKHHVWLPDWHGIDLOXUHSUREDELOLW\EDVHGRQ P P' LVPRUHFRQVHUYDWLYHWKDQ
IX]]\IDLOXUHSUREDELOLW\
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
)LJ0HPEHUVKLSIXQFWLRQIRURSHUDWLQJSUHVVXUHLQWKHH[DPSOHSUREOHP
5.2. Influence of uncertainty of random variables 
6LPLODUWRfcovWKHFRHIILFLHQWRIYDULDWLRQRIDUDQGRPYDULDEOHrcovLVGHILQHGWREHDPHDVXUHRIWKHGHJUHHRI
UDQGRPXQFHUWDLQW\
rcov
V
P
   
ZKHUHV DQG P GHQRWHV WKH VWDQGDUGGHYLDWLRQ DQG WKHPHDQYDOXHRI D UDQGRPYDULDEOH UHVSHFWLYHO\7KURXJK
RQO\ FKDQJLQJ WKH VWDQGDUG GHYLDWLRQ WKH IDLOXUH SUREDELOLWLHV RI WKH SLSH DW GLIIHUHQW rcov IURP  WR ZHUH
FDOFXODWHG
)LJXUHDQG)LJLOOXVWUDWHWKHLQIOXHQFHRIrcovRiDQGrcovtRQIDLOXUHSUREDELOLW\UHVSHFWLYHO\7KHUHVXOWV
VKRZVWKDWZLWKWKHLQFUHDVLQJrcovRiDQGrcovtIDLOXUHSUREDELOLW\REYLRXVO\LQFUHDVHV7KLVLVEHFDXVHWKDWZLWK
LQFUHDVLQJVWDQGDUGGHYLDWLRQRIRi RU tWKHUDQGRPYDULDEOHLQFUHDVHVWKHSRVVLELOLW\WRDOORZJXWRIDOOZLWKLQWKH
XQVDIH]RQHWKXVLQFUHDVLQJWKHIDLOXUHSUREDELOLW\%HVLGHVLWFDQEHVHHQWKDWWKHXSSHUERXQGIDLOXUHSUREDELOLW\
LQFUHDVHVIURPWRDVWKHrcovRiLQFUHDVHIURPWRZKHUHDVWKDWLQFUHDVHIURPWR
DVWKH rcovtLQFUHDVHIURPWR7KLVLPSOLHVrcovtKDVDELJJHULQIOXHQFHRQWKHIDLOXUHSUREDELOLW\RIWKH
SLSHWKDQrcovRi


)LJ(IIHFWRIWKHfcovPRQWKHIDLOXUHSUREDELOLW\
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  
 )LJ(IIHFWRIWKHUFRY5LRQWKHIDLOXUHSUREDELOLW\ )LJ(IIHFWRIWKHUFRYWRQWKHIDLOXUHSUREDELOLW\
  
 )LJ(IIHFWRIWKH  srcov V RQWKHIDLOXUHSUREDELOLW\ )LJ(IIHFWRIWKHUFRY.,&RQWKHIDLOXUHSUREDELOLW\
  
 )LJ(IIHFWRIWKHUFRYDRQWKHIDLOXUHSUREDELOLW\ )LJ(IIHFWRIWKHUFRYFRQWKHIDLOXUHSUREDELOLW\
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)LJXUH  DQG )LJ  VKRZ WKH LQIOXHQFH RI  srcov V DQG rcovKIC RQ IDLOXUH SUREDELOLW\ UHVSHFWLYHO\ 7KH
VLPLODUWHQGHQFLHVDUHVHHQIRUWKHLQIOXHQFHRI  srcov V DQGrcovKIC7KHIDLOXUHSUREDELOLW\LVPRUHVHQVLWLYHWR
 srcov V WKDQLWLVWRrcovKIC
)LJXUHDQG)LJ LOOXVWUDWH WKHHIIHFWRIrcovaDQGrcovcRQ IDLOXUHSUREDELOLW\ UHVSHFWLYHO\$OWKRXJK
ZLWK WKH LQFUHDVLQJ rcova DQG rcovc IDLOXUH SUREDELOLW\ JUDGXDOO\ LQFUHDVHV WKH LQFUHDVLQJ H[WHQW LV UHODWLYHO\
VPDOO)URP WKH DERYH DQDO\VLV LW LV VKRZQ WKDW WKH IDLOXUH SUREDELOLW\ RI WKH SLSH LV PRUH VHQVLWLYH WR VWDQGDUG
GHYLDWLRQVRItRiDQG sV WKDQWKDWRIKICaDQGc
5.3. Sensitivity Analysis 
,QWKLVVHFWLRQWKHHIIHFWRIWKHPHDQYDOXHRIWKHGLIIHUHQWYDULDEOHVRQWKHIDLOXUHSUREDELOLW\ZDVDQDO\]HG,Q
WKHDERYHFDVHWKHOLPLWVWDWHIXQFWLRQLVLQIOXHQFHGE\YDULDEOHVPRi t sV KICac%\FKDQJLQJWKHPHDQYDOXH
RI DQ\ RI WKHVH YDULDEOHV IURP  WR  DQG NHHSLQJ WKH UHVW FRQVWDQW WKH FKDQJLQJ WUHQG RI WKH OLPLW VWDWH
IXQFWLRQLVREWDLQHG7KHUHVXOWVDUHVKRZQLQ)LJ7KHVORSHRIWKHFXUYHUHIOHFWVWKHLQIOXHQFHRIWKHYDULDEOHRQ
gX2EYLRXVO\WKHOLPLWVWDWHIXQFWLRQLQFUHDVHVZLWKLQFUHDVLQJWKHPHDQYDOXHRI sV KICtZKHUHDVLWGHFUHDVHV
ZLWKLQFUHDVHVLQFUHDVLQJRIacRiP
7KHUDQNLQJRIWKHYDULDEOHVLVUHYHDOHGPRUHFOHDUO\LQ)LJ,IYDULDEOHVKDYHDSRVLWLYHHIIHFWRQWKHOLPLW
VWDWHIXQFWLRQgX WKHXSVLGHRIWKHEDULVVKRZQLQEODFNDQGWKHGRZQVLGHRIWKHEDULQUHGFRORU,IYDULDEOHV
KDYHDUHYHUVHHIIHFWRQgXWKHEDUVDUHVKRZQLQDUHYHUVHGPDQQHUVHH)LJ,WFDQEHVHHQWKDWWKHSLSHZDOO
WKLFNQHVVWKDVWKHELJJHVWHIIHFWRQSLSHIDLOXUHIROORZHGE\RiKIC sV PaDQGc7KHUHIRUHLQRUGHUWRUHGXFHWKH
IDLOXUHSUREDELOLW\RI WKHSLSHE\ WKHPHDQYDOXHRIYDULDEOHVSULRULWLHVVKRXOGEHVHTXHQWLDOO\JLYHQ WR tRiKIC
sV Pa DQG c ,W LV REYLRXV WKDW IRU DQ LQVHUYLFH SLSH RQO\Pa DQG c FDQ EH IRFXVHG RQ WR FRQWURO WKH IDLOXUH
SUREDELOLW\

 
 )LJ(IIHFWRIYDULDWLRQRIYDULDEOHVRQOLPLWVWDWHIXQFWLRQ )LJ5DQNLQJRIWKHHIIHFWRIYDULDWLRQRIYDULDEOHVRQOLPLWVWDWHIXQFWLRQ
&RQFOXVLRQV
,Q WKLVSDSHU D IX]]\SUREDELOLVWLF IDLOXUHDVVHVVPHQWPHWKRGKDVEHHQGHYHORSHGEDVHGRQ$3,$60(
))6 SURFHGXUH 7KH SURSRVHG PHWKRG FRPELQHV SUREDELOLW\ WKHRU\ DQG SRVVLELOLW\ WKHRU\ WR GHDO ZLWK K\EULG
XQFHUWDLQWLHVUDQGRPQHVVDQGIX]]LQHVV7KHIDLOXUHSUREDELOLW\RIDSLSHFRQWDLQLQJDFUDFNZDVFDOFXODWHGE\XVLQJ
0RQWH &DUOR VLPXODWLRQ 7KH HIIHFW RI SDUDPHWHUV P tRi sV KIC  a DQG c DQG WKHLU XQFHUWDLQW\ RQ IDLOXUH
SUREDELOLW\ZDVV\VWHPDWLFDOO\GLVFXVVHGDQGWKHIROORZLQJUHVXOWVDUHREWDLQHG
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7KH IDLOXUHSUREDELOLW\ LQFUHDVHVZLWK WKH LQFUHDVLQJ fcovP DQG LQFUHDVLQJ VWDQGDUGGHYLDWLRQVRI WKH UDQGRP
YDULDEOHVtRi sV KICaDQGc7KHIDLOXUHSUREDELOLW\RIWKHSLSHLVPRUHVHQVLWLYHWRVWDQGDUGGHYLDWLRQVRItRi
DQG sV WKDQWKDWRIKIC aDQGc6HQVLWLYLW\DQDO\VHVE\RQO\FKDQJLQJWKHPHDQYDOXHRIDQ\RI WKHVHLQYROYHG
YDULDEOHVVKRZVWKDWWKHZDOOWKLFNQHVVtDQGLQQHUUDGLXVRIWKHSLSHRiKDYHWKHPRVWLPSRUWDQWFRQWULEXWLRQWRWKH
SLSHIDLOXUHIROORZHGE\KIC sV PaDQGc
)URPWKHUHVXOWVREWDLQHG LW LVQRWHGWKDW WKHIX]]\SUREDELOLVWLFIDLOXUHDVVHVVPHQWPHWKRGXVHGLQWKHSUHVHQW
VWXG\LVSURPLVLQJIRUIDLOXUHDVVHVVPHQWRIFUDFNHGSLSH
$FNQRZOHGJHPHQW
7KLV SURMHFW ZDV VXSSRUWHG E\ 3HWUR&KLQD ,QQRYDWLRQ )RXQGDWLRQ 1R ' 1DWLRQDO 1DWXUDO
6FLHQFH)RXQGDWLRQRI&KLQD1RDQG&KLQD3RVWGRFWRUDO6FLHQFH)RXQGDWLRQ1R0
$SSHQGL[$&DOFXODWLRQRIIX]]\IDLOXUHSUREDELOLW\RIWKHSLSH
7KLVDSSHQGL[GHVFULEHWKHGHWDLOHGFDOFXODWLRQVRIIX]]\IDLOXUHSUREDELOLW\RIWKHSLSHFRQWDLQLQJDFUDFNVHH
)LJ7KHVSHFLILFSURFHVVLVDVIROORZV

Step 1: Sample from random variables 
 
)LUVWRIDOOFRQYHUWHDFKRIIX]]\YDULDEOHP WR WZRUDQGRPYDULDEOHVZKLFKREH\  flF x DQG  fuF x E\XVLQJ
(TVDQGDQGWKHQREWDLQDJURXSRIVDPSOHVRIUDQGRPYDULDEOHVDFFRUGLQJWRWKHLUGLVWULEXWLRQV

Step 2: Calculate toughness ratio Kr 
 
&DOFXODWHWRXJKQHVVUDWLRKrRIWKHVHPLHOOLSWLFDOVXUIDFHFUDFNLQSLSHE\XVLQJWKHIROORZLQJHTXDWLRQV>@
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ZKHUH mV DQG BV GHQRWHPHPEUDQHVWUHVVDQGEHQGLQJVWUHVVUHVSHFWLYHO\
6XEVWLWXWHWKHJURXSRIVDPSOHVIURP6WHSLQWRWKH(TV$$WRREWDLQWKHWRXJKQHVVUDWLR Kr

Step 3: Calculate load ratio Lr 
 
)LUVWO\ FDOFXODWH WKH UHIHUHQFH VWUHVV  refV  RI WKH VHPLHOOLSWLFDO VXUIDFH FUDFN LQ SLSHE\XVLQJ WKH IROORZLQJ
HTXDWLRQV>@
ref
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ZKHUH mP DQG bP GHQRWHSULPDU\PHPEUDQHVWUHVVDQGSULPDU\EHQGLQJVWUHVVUHVSHFWLYHO\
6XEVWLWXWHWKHJURXSRIVDPSOHVIURP6WHSLQWRWKH(TV$$WRREWDLQWKHORDGUDWLRLr

Step 4: Determine WKH position of Kr, Lr 
 
6XEVWLWXWHKrIURP6WHSDQGLrIURP6WHSLQWR(T,IJXWKHSLSHLVXQVDIHWKDWLVn nRWKHUZLVH
nUHPDLQVFRQVWDQW

Step 5. Determine the failure probability 
 
5HSHDW 6WHSV N WLPHV N  DQG WKHQ GHWHUPLQH WKH IDLOXUH SUREDELOLW\ LQWHUYDO EDVHG RQ (T 7KH
UHVXOWVVKRZWKDWWKHLQWHUYDOUDQJHRIWKHIDLOXUHSUREDELOLW\RIWKHSLSHLVIURPWR
5HIHUHQFHV
>@ $PHULFDQ 3HWUROHXP ,QVWLWXWH $PHULFDQ 6RFLHW\ RI 0HFKDQLFDO (QJLQHHUV $3, $60( ))6 )LWQHVV)RU6HUYLFH $PHULFDQ
3HWUROHXP,QVWLWXWH:DVKLQJWRQ
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>@ )*XWLHUUH]6RODQD6&LFHUR),71(7))6SURFHGXUH$XQLILHG(XURSHDQSURFHGXUH IRU VWUXFWXUDO LQWHJULW\ DVVHVVPHQW(QJLQHHULQJ
)DLOXUH$QDO\VLV±
>@ %ULWLVK (QHUJ\ *HQHUDWLRQ 5 $VVHVVPHQW RI WKH LQWHJULW\ RI VWUXFWXUHV FRQWDLQLQJ GHIHFWV 5HY  %ULWLVK HQHUJ\ *HQHUDWLRQ /WG
*ORXFHVWHU
>@ %ULWLVK 6WDQGDUGV ,QVWLWXWLRQ %6$PHQGPHQW  *XLGH RQPHWKRGV IRU DVVHVVLQJ WKH DFFHSWDELOLW\ RI IODZV LQPHWDOOLF VWUXFWXUHV
%ULWLVK6WDQGDUGV,QVWLWXWLRQ/RQGRQ
>@ %ULWLVK6WHHO6,17$36WUXFWXUDOLQWHJULW\DVVHVVPHQWSURFHGXUHVIRU(XURSHDQLQGXVWU\)LQDOSURFHGXUH3URMHFW1R%(%ULWLVK
6WHHO5RWKHUKDP
>@ 5$ $LQVZRUWK $& %DQQLVWHU 8 =HUEVW $Q RYHUYLHZ RI WKH (XURSHDQ IODZ DVVHVVPHQW SURFHGXUH 6,17$3 DQG LWV YDOLGDWLRQ
,QWHUQDWLRQDO-RXUQDORI3UHVVXUH9HVVHOVDQG3LSLQJ±
>@ -6<RX:):X3UREDELOLVWLFIDLOXUHDQDO\VLVRIQXFOHDUSLSLQJZLWKHPSLULFDOVWXG\RI7DLZDQ
V%:5SODQWV,QWHUQDWLRQDO-RXUQDORI
3UHVVXUH9HVVHOVDQG3LSLQJ±
>@ (5RRV*:DFNHQKXW5/DPPHUW;6FKXOHU3UREDELOLVWLFVDIHW\DVVHVVPHQWRIFRPSRQHQWV,QWHUQDWLRQDO-RXUQDORI3UHVVXUH9HVVHOV
DQG3LSLQJ±
>@ *$4LDQ01LIIHQHJJHU3UREDELOLVWLFIUDFWXUHDVVHVVPHQWRISLSLQJV\VWHPVEDVHGRQ),71(7))6SURFHGXUH1XFOHDU(QJLQHHULQJ
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